Background: Numerous cross-sectional studies have reported reduced lung function among welders but limitations of exposure assessment and design preclude causal inference. The aim of this study was to investigate if long-term exposure to welding fume particulates accelerates the agerelated decline in lung function.
Introduction
Welding of metals may cause substantial exposure to fume particulates and gases [1, 2] . The main components of welding emissions are oxides of metals due to contact between the oxygen in the air and the vaporised metals. The fume particulates and gases including ozone and nitrogen oxides may cause inflammation and oxidative damage to the airways [3, 4] . Such processes are thought to be closely linked to the pathogenesis of chronic obstructive pulmonary disease [COPD [5, 6] ]. It is well documented in clinical series that specific types of welding operations as welding stainless steel may cause occupational asthma [7] and welding in general seems related to a moderately increased risk of lung cancer [8] . However, according to a recent review "incomplete information still exists regarding the causality and possible underlying mechanisms associated with welding fume inhalation and pulmonary disease [9] ." Analyses of short term exposure to welding fumes and gases have indicated an influence on lung function in cross-shift studies [10] [11] [12] while others have not observed such effects [13] . Data from population based studies [14] [15] [16] and cross-sectional studies of working populations [17] [18] [19] [20] have indicated a long-term effect on lung function from exposure to welding fumes and gases although the evidence is not entirely consistent [21] . Others have suggested an interaction between smoking and welding exposure on the prevalence of pulmonary impairment [22] .
Only few longitudinal studies in welding populations have been published, and results have not been unambiguous [10, 23, 23, 24] . In 2004 we re-examined the lung function in a cohort of welders and blue-collar workers examined in 1987 in a fertility study [25] . The longitudinal analyses presented here take advantage of a comprehensive assessment of exposure to welding fume particulates. The objective was to examine if exposure to welding fume particulates is a risk factor for an accelerated decline in lung function.
Methods

Study population
In 1987 the lung function was measured in 94 stainless steel and mild steel welders and 49 manual workers that were not exposed to welding emissions [25] . The latter group consisting of turners, mechanics, electricians, and unskilled labourers were all engaged at the same six working sites as the welders. [26] . Additional questions on history of atopy were also asked. Atopy was defined by positive answer to at least one of the three questions [27] : Have Using the welding exposure matrix and the corresponding interview data on decade, type of steel, welding method, intermittence, exhaust ventilation, and welding in confined spaces we computed the product of number of years and particulate concentration in each decade and summed over all decades to arrive at a summary measure of total lifelong welding exposure (mg/m3*years), Table  2 . No exposure data were available for welding of alloyed steel at one plant. Estimates were based upon the corresponding values for mild steel. Likewise, we used exposure data for TIG stainless steel welding to estimate exposure conferred by TIG welding on aluminum in six welders. The exposure matrix does not account for bystander and background exposure levels. This will result in a disproportionately underestimation of exposure among workers with low welding intermittence relative to workers welding most of the work shift. Therefore, the cumulative exposure estimates were refined by addition of a term indicating background exposure. According to full shift measurements performed in 1987 at 3 of the work places, the geometric mean bystander exposure among mild steel welders was 1.2 mg/m 3 (SD) and among stainless steel welders 0.8 mg/m 3 (SD). For each year in a welding shop we added bystander exposures corresponding to the numbers of hours during a work shift that welding was not performed (and therefore not included in the process specific exposure estimate). We did not accounted for the few metal workers using infrequent welding methods as welding robots and tube trod.
Validation of exposure estimate
As part of the baseline survey in1987 the Danish Welding Institute performed 44 full shift measurements of particulates in the breathing air in randomly selected welders within the frequent welding processes (MMA MS, MAG MS, and TIG SS) in three plants from which welders for this survey were recruited. This hygienic survey also included 12 full-shift stationary measurements of particulates in the vicinity of the welding processes to estimate bystander exposure. We validated the exposure estimate by comparing the welding process specific results of the 1987 measurements with the exposure levels predicted by the exposure assessment model taking decade and welding characteristics into account. There was a high agreement in welding fume measurements in 1987 and the predicted exposure levels based upon the welding fume exposure matrix and the interview information obtained in 2004. The geometric means for mild steel welding with MMA technology were identical (3.5 mg/m 3 ) while the estimated values for mild steel welding with MAG technology and stainless steel welding with TIG technology were slightly higher than the measured values (Table 3) . [29] . Baseline measurements had not been undertaken in 8 of the non-welders that participated in the follow-up.
Lung function
Measurements of alfa-1-anitrypsin
Blood samples were collected in a dry tube and analysed the same day or frozen at -20°C until analysed using a Beckman Coulter Immage ® kit, Beckman Coulter, CA, USA. All measurements of alfa-1-antitrypsin were within normal range (88-174 mg/dl).
Statistical analysis
We analyzed the data by two different approaches. In the first approach we used the absolute measured values of lung function to examine the change in Since the reference group of non-welders was of limited size we also in a second approach analyzed the change in FEV 1 expressed as a percentage of the average gender, age, and height specific values that were obtained from a Danish reference material [29] . Again the change in percentage of predicted FEV 1 from 1987 through 2004 was examined in welders as well as non-welders.
In both approaches using absolute and relative lung function values, respectively, we subsequently performed analyses of the decline in lung function according to our 
Results
The decline in FEV 1 among the 100 manual workers averaged 688 ml (SD 390 ml) across the 18 years from the men were in average 33 years until they became in average 50 years old. This is corresponding to an annual decline of 38 ml.
FEV 1 values declined on average 856 ml in welders that smoked tobacco at the start of the 18-year follow-up and 704 ml among smoking non-welders (Table 4 ). This larger decline among the welders amounting some 150 ml did not reach statistical significance and differences among welding and not welding non-smokers were even smaller (Table 4) . Very similar findings were observed when considering changes in relative FEV 1 values (Table 5 ). In smokers, welders had a larger decline than non-welders, but the difference was not significant and differences among non-smokers were rather marginal.
Among the 68 welders that did welding work during the follow-up period the decline in FEV 1 was not related to cumulative welding particulate exposure during the follow-up period ( Smokers in 1987 had a more pronounced decline in FEV 1 through the follow-up than non-smokers: the adjusted decline in smokers was in average 280 ml (95 CL 123-437 ml, p = 0.0006)] greater than the decline among nonsmokers. Moreover, the decline was significantly related to cigarette pack years through the follow-up period 1987-2004. Thus FEV 1 declined 16 ml per pack year (SE 6.9 ml, p = 0.03). Age, height and FEV 1 at baseline and weight at follow-up was not related to lung function decline during follow-up, but the baseline FEV 1 was significantly related to age (lower at higher age), height (higher at higher height) and smoking (reduced among smokers), but not to welding at baseline or to cumulated exposure up to baseline (cross-sectional analysis, data not shown).
Welders were not at increased risk of accelerated decline of lung function during follow-up in comparison with nonwelding metal workers (Table 5) .
Discussion
Measurements of lung function 18 years after baseline indicated a limited accelerated loss of lung function among in particular smoking welders that were compared to a reference group of non-welding metal workers, turn- 2 , FEV1, alfa-1-antitrypsin), body weight measured at follow-up and cigarette pack years during the follow-up period (smokers only). 2 Eight non-welders with missing spirometric measurements ers, and electricians enrolled from the same plants. However, differences did not reach statistical significance and within the group of welders the decline in lung function was not related to the total welding particulate exposure during the follow-up period. As expected smoking had a strong effect on FEV 1 that in average declined some 280 ml more in smokers than in non-smokers after adjustment for the effect of welding.
Only few studies have been published that analyses effects of welding exposure on lungs in non-smokers. Meo et al found in a cross-sectional study of 50 non-smoking manual metal arc welders and 50 non-smoking controls a significant smaller lung function among welders exposed for more than 9 year (640 ml in FEV 1 ), suggesting an independent effect of welding fume on the lungs [19] .
Few longitudinal studies in welders addressing decline in lung function have been published (18) (19) (20) . In a two-year follow-up (1996-98) from New Zealand lung function was measured in 54 TIG and MIG welders and 38 nonwelders aged 40-41 years [24] . No exposure measurements were made. Smoking welders had a significantly greater annual decline in FEV 1 (88.8 ml) than smoking referents (34.2 ml). Moreover, welders without respiratory protection or local exhaust ventilation had a greater annual decline in FEV 1 (168.8 ml) than welders with protection (87.3 ml). The annual loss is surprisingly high, and higher than observed in the present study. Differences in severity of exposure to welding fumes, duration of exposure, welding in confined spaces, and use of protective equipment together with smoking habits may explain the apparent inconsistency. Our data are similar to the findings of Beckett et al [10] . They found an annual decline in FEV 1 among welders of 40 ml and no overall excess decline in lung function in welders compared to control subjects during the three year of follow up. The participants were 51 MMA shipyard welders aged 32 (92% males) fabricating steel alloy structures and 54 control subjects aged 39 (draftsmen and technical aids employed at the shipyard) (83% males). No exposure measurements were reported, and it was not indicated when the study was undertaken. Chinn et al studied English shipyards workers from 1980-84 to1987-1991. In all 346 subjects participated in the follow-up (welders, caulker/burners and possibly also electricians) with an average follow-up time of 6.7 years. Age at baseline was 17-30 years. The overall annual decline in FEV 1 was 11.1 ml. Continuing smoking was associated with increased loss in FEV 1 and atopy in smokers further increased the loss in FEV 1 . Continued shipyard work as welders or caulker/burners was associated with enhanced deterioration in FEV 1 . The annual decline in lung function is in the same range as data from the present study. The cohort was studied a decade before ours, and this might indicate a higher exposure to welding fumes than in the present study. Moreover, shipyards welders may have worked more in confined and poorly ventilated spaces with higher risk from impairment of lung function than welders working in more well ventilated areas [28, 31] .
Less than 70% participated in the second survey. We cannot entirely exclude that high-level exposed workers with impaired lung function declined participation to a higher degree than others and thus introduce bias towards the null. However, the fact that the loss to follow-up was balanced in welders and non-welders and that the non-participants were younger with less tobacco smoking and respiratory symptoms do not support this hypothesis. It seems unlikely that weak associations between welding fume exposure and lung function is due to selective processes.
Our findings have limitations due to small sample size, especially for analyses of subgroups, and the small sample size reduces the ability to generalize the results. On the other hand, the present data are aggregated from longitudinal analyses with a long follow-up time and accounting for the dropouts. Although a larger study group is definitely warranted the number of person-years at-risk is far higher in this study (some 1800 person-years) than in two earlier longitudinal studies [(200-300 person-years, [10, 24] ] and in range with the third longitudinal study that has been undertaken so far [2350 person-years, [23] ]. Finally, the number of person-years investigated in this study is in range with numbers in large randomized studies as the ISOLDE project where 759 subjects were followed in three years [2.250 person-years, [32] ]. The confidence intervals indicate that effects of welding at the encountered exposure levels in this study, if any at all, are unlikely to exceed an excess annual decline of 25 ml in smokers and 10 ml in non-smokers.
Our exposure assessment is associated with some degree of misclassification and a less likely chance to detect effects of welding fume exposure on lung function, if any. Information on individual welding tasks during the entire working life was obtained up to 40 years after the work was actually performed and the accuracy of recall of details with respect to type of welding, time spent with welding, and working conditions are questionable. For instance, use of exhaust and working in confined spaces that have major impacts of welding exposure levels [28] . Moreover, use of different welding techniques and materials across short time periods can only partly be accounted for in data collection and computations. There is a large residual variation in exposure levels that the geometric mean values does not account for, even if our exposure estimate includes several major welding characteristics such as calendar time, welding technology and working conditions. This may, however, be less of a problem since this large variation is observed within welders across the work shift and across different work shifts so that group averages may provide a more reliable estimate of exposure than for instance individual point measurements [33, 34] . Furthermore, background exposure, dust exposures from grinding and other work processes and less frequent welding techniques could not be accurately accounted for. Nevertheless, we found a rather good agreement between actual full shift welding fume measurements performed in 1987 and the exposure levels that was predicted by computations based upon the welding fume exposure matrix and the interview information obtained in 2004. It must be noticed that evaluation of the validity of the exposure assessment only applies to the years 1980-89 and only for some of the welding processes ( Table 4 ). The exposure levels in 1950-1970 and from 1990-2004 are largely based upon extrapolation and therefore less reliable. In particular data on welding fume exposure past 15 years is very scanty. However, findings were the same in models based upon a continuous linear decline in exposure levels from 1989 onwards and in models assuming constant exposure levels during the follow-up period.
In conclusion, we found some indications of a limited accelerated loss in lung function after 18 years among young and middle-aged welders. Geometric mean particulate exposure was estimated to 1.5 to 6.5 mg/m 3 . As opposed to welding fume exposure smoking did significantly contribute to accelerated decline in lung function.
